Recent studies suggest that the time of day at which food is consumed dramatically influences clinically-relevant cardiometabolic parameters (e.g., adiposity, insulin sensitivity, and cardiac function). Meal feeding benefits may be the result of daily periods of feeding and/or fasting, highlighting the need for improved understanding of the temporal adaptation of cardiometabolic tissues (e.g., heart) to fasting. Such studies may provide mechanistic insight regarding how time-of-day-dependent feeding/fasting cycles influence cardiac function. We hypothesized that fasting during the sleep period elicits beneficial adaptation of the heart at transcriptional, translational, and metabolic levels. To test this hypothesis, temporal adaptation was investigated in wild-type mice fasted for 24-h, or for either the 12-h light/sleep phase or the 12-h dark/awake phase. Fasting maximally induced fatty acid responsive genes (e.g., Pdk4) during the dark/active phase; transcriptional changes were mirrored at translational (e.g., PDK4) and metabolic flux (e.g., glucose/oleate oxidation) levels. Similarly, maximal repression of myocardial p-mTOR and protein synthesis rates occurred during the dark phase; both parameters remained elevated in the heart of fasted mice during the light phase. In contrast, markers of autophagy (e.g., LC3II) exhibited peak responses to fasting during the light phase. Collectively, these data show that responsiveness of the heart to fasting is temporally partitioned. Autophagy peaks during the light/sleep phase, while repression of glucose utilization and protein synthesis is maximized during the dark/active phase. We speculate that sleep phase fasting may benefit cardiac function through augmentation of protein/cellular constituent turnover.
Materials and methods

Mice
We used wild-type mice, either on the C57Bl/6 J (24-h fasting time course) or FVB/N (12-h time-of-day-dependent fasting) background. All mice were male, were 16-20 weeks old (at the time of euthanasia), and were housed at the Animal Resource Program at the University of Alabama at Birmingham (UAB), under temperature-, humidity-, and light-controlled conditions. A strict 12-h light/12-h dark cycle regime was enforced (lights on at 6 AM; Zeitgeber Time [ZT] 0). The light/dark cycle was maintained throughout these studies; as such, physiologic diurnal variations were investigated in mice (as opposed to circadian rhythms). All mice had free access to water. When in the fed state, mice were provided a standard rodent chow. At the time of tissue and blood collection, mice were anesthetized with pentobarbital. All animal experiments were approved by the Institutional Animal Care and Use Committee of UAB.
Fasting protocols and non-invasive mouse monitoring
For the 24-h fasting time course study, a wire bottom floor was placed in the microisolator cage, thus preventing consumption of feces or bedding; ad libitum fed mice were also placed on a wire bottom floor, but were allowed access to chow. For the 12-h time-of-day-dependent fasting study (as well as a sub-set of the 24-h fasting time course studies), mice were housed in a computer-controlled Comprehensive Laboratory Animal Monitoring System (CLAMS; Columbus Instruments Inc., Columbus, OH), which enforced time-ofday-dependent food access in the absence of direct human intervention. More specifically, mice were allowed access to food either during the 12-h dark phase (i.e., light phase [LP] fasted mice) or during the 12-h light phase (i.e., dark phase [DP] fasted mice); these feeding/fasting regimes were enforced for a 9 day period, thereby allowing sufficient equilibration time. The CLAMS also continuously assessed food intake, physical activity (beam breaks), energy expenditure (indirect calorimetry), and respiratory exchange ratio (RER), as described previously [3] . In all studies, mice were singly housed and acclimatized to their housing conditions for at least 1 week prior to initiation of the experimental protocol.
Humoral factor analysis
Blood was collected at the time of euthanization, placed in EDTAcontaining tubes, and centrifuged at 3000g for 10 min at 4°C; resultant plasma was stored at −80°C prior to assessment of insulin, non-esterified fatty acids (NEFA), and glucose levels using commercially available kits. Insulin was measured using a sensitive rat insulin RIA kit (EMD Millipore Corporation, Billerica, MA; catalog number SRI-13K). NEFA were measured on the Stanbio Sirrus analyzer (Stanbio Laboratories, Boerne, TX) using reagents from Wako Diagnostics, Mountain View, CA (catalog numbers are 999-34691, 995-34791, 991-34891, and 993-35191). Glucose was measured on the Stanbio Sirrus analyzer (Stanbio Laboratory, Boerne, TX) using a glucose oxidase reagent (manufactured by Stanbio Laboratory; catalog number 1071-250). Glucose levels were also determined in a drop of blood (prior to plasma preparation) through use of a FreeStyle Lite glucometer (Abbott Diabetes Care Inc., Alameda, CA).
Quantitative RT-PCR
RNA was extracted from hearts using standard procedures [5] . Candidate gene expression analysis was performed by quantitative RT-PCR, using methods described previously [13, 17] . Specific Taqman assays were designed for each gene from mouse sequences available in GenBank, and have been reported previously [7, 9, 34, 39, 40] . All quantitative RT-PCR data were normalized to the housekeeping gene cyclophilin (this gene did not differ between experimental groups). Quantitative RT-PCR data is presented as fold change from the trough value in a specified group.
Immunoblotting
Qualitative analysis of protein expression and posttranslational modifications (e.g., lipidation, phosphorylation) was performed as described previously [8] . Lysates (5-30 μg) were separated on bis-acrylamide gels by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to a PVDF membrane and initially stained with ponceau for assessment of total protein loading. Proteins were normalized to calsequestrin, while phosphoproteins were normalized to their respective total proteins. Importantly, due to the nature of time course studies, in order to minimize the contribution that position on the gel might have on outcomes, samples were randomized on gels; samples were re-ordered post-imaging, only for the sake of illustration of representative images (note, all bands for representative images for an individual experiment were from the same gel).
Working mouse heart perfusions
Myocardial substrate utilization and contractile function were measured ex vivo through isolated working mouse heart perfusions, as described previously [ 
Myocardial glycogen levels
Glycogen content was assayed using a spectrophotometric-based assay, as described previously [25] .
In vivo Protein Synthesis
Mice were injected via tail vein with 150 mM phenylalanine plus 
Statistical analysis
Statistical analyses were performed using two-way ANOVA, as described previously [2, 3] . Briefly, analyses were performed on SPSS statistical software (IBM, Armonk, NY) to investigate main effects of time and/or nutritional status, followed by Bonferroni post hoc analyses for pair-wise comparisons (indicated in Figures) . In all analyses, the null hypothesis of no model effects was rejected at p < 0.05.
Results
Identification of the natural fasting period in mice
We initially sought to establish a fasting protocol that mimics the scenario in which the mouse is unsuccessful in its forage for food upon awakening. To identify the natural trough of food intake, 20 wild-type C57Bl/6 J mice were housed in CLAMS cages for a 2-week period, to assess feeding/fasting cycles non-invasively. Fig. 1A revealed that lowest food intake was observed 4-h into the light phase (i.e., ZT4); thereafter food intake began to rise, peaking at the light-to-dark transition (i.e., ZT12). Interestingly, a second trough in food intake is observed approximately 8-h into the dark phase (i.e., ZT20; Fig. 1A ). Time-of-day-dependent oscillations in food intake were mirrored by rhythms in physical activity, energy expenditure, and RER (Fig. 1B-D) .
Temporal adaptation of the mouse to fasting at the whole body level
We next investigated temporal whole body adaptation of a sub-set of mice to fasting, when initiated at ZT4; ad libitum fed mice served as controls. As anticipated, fasting increased physical activity (Fig. 2Aii) , while decreasing both energy expenditure (Fig. 2Aiii ) and body weight (Fig. 2B ) in mice. In addition, RER significantly decreased within 1-h following food withdrawal, and remained lower than ad libitum fed mice for the remainder of the fasting period (Fig. 2Aiv) . Plasma insulin levels declined steadily following food withdrawal (Fig. 2Ci) , associated with a rise in plasma NEFA levels (Fig. 2Cii) . In contrast, both plasma and blood glucose levels remained relatively similar between fed and fasted mice, exhibiting time-of-day-dependent oscillations regardless of feeding status (Fig. 2Ciii-iv) . Collectively, these data are consistent with whole body adaptation to this fasting protocol, with maintenance of glucose homeostasis.
Temporal adaptation of the murine heart to fasting at transcriptional, translational, and metabolic levels
Prior studies have reported that fasting induces fatty acid responsive genes, thus facilitating myocardial fatty acid oxidation [11, 31, 37] . However, few studies have defined the time course of these events. Here, we report that metabolically-relevant fatty acid responsive genes (Pdk4, Ucp3, Mcd, Dgat2, and Cte1) increased in hearts of fasted mice, with greatest induction (i.e., greatest rate of change within a 4-h period) observed during the dark phase (Fig. 3A) . Interestingly, with the exception of Cte1, the expression of these genes decreased at the onset of the light phase (i.e., change in expression from ZT20 to ZT4), despite prolongation of the fast (Fig. 3A) . Next we investigated whether these fluctuations in gene expression translated to alterations in protein levels. Given that Pdk4 mRNA was markedly induced by fasting during the active period, and that this kinase directly regulates myocardial glucose oxidation, we focused on PDK4 protein. In hearts of fed mice, PDK4 did not exhibit a significant time-of-day-dependent variation ( Fig. 3B) . Fasting did not significantly induce PDK4 protein levels until ZT20 (i.e., 16-h fast; Fig. 3B ). Furthermore, the rate of PDK4 induction appeared to be greatest between ZT16 and ZT24 (Fig. 3B) . Next, myocardial oxidative metabolism was interrogated following shortterm (4-h fasting, from ZT4 to ZT8) and prolonged (16-h fasting, from ZT4 to ZT20) food withdrawal (matching times at which PDK4 was either not altered [short-term] or increased [prolonged]). Neither glucose nor oleate oxidation were significantly affected by the 4-h fast (Fig. 3C ). In contrast, hearts isolated from 16-h fasted mice exhibited decreased glucose oxidation, concomitant with a trend (p = 0.055) for elevated fatty acid oxidation, relative to hearts isolated from ad libitum fed mice at this time (Fig. 3C) . It is interesting that, consistent with previously published studies [8] , hearts isolated from fed mice at ZT20 exhibit increased rates of glucose oxidation concomitant with decreased rates of oleate oxidation, compared to hearts isolated at ZT8 (Fig. 3C) . No significant differences were observed between the experimental groups for contractile function parameters (e.g., cardiac power, rate pressure product; data not shown). Collectively, these data demonstrate a delayed adaptation of the murine heart to fasting, at the level of glucose and fatty acid metabolism, which peaks towards the middle/ end of the dark/active phase.
Rapid alterations in protein synthesis and autophagy markers in the heart during fasting
During completion of the fasting time course studies, biventricular weight (BVW) was assessed. In ad libitum fed mice, BVW tends to increase towards the end of the dark phase; this oscillation is absent in hearts of fasted mice (Fig. 4Ai) . Interestingly, the effects of time-of-day and fasting on BVW do not appear to be secondary to fluctuations in glycogen levels, as: 1) myocardial glycogen content decreases at the end of the dark phase in ad libitum fed mice (when BVW increases); and 2) at the end of the dark phase, hearts from fasting mice have increased glycogen levels (relative to ad libitum fed hearts), yet BVW tends to be lower (Fig. 4Ai-ii) . These observations prompted us to investigate protein turnover parameters. We initially investigated mTOR, a nutrient sensitive kinase known to promote protein synthesis and inhibit autophagy [18] . In ad libitum fed mice, p-mTOR Ser2448 (Fig. 4C) . Myocardial protein synthesis rates were next investigated in vivo, both 12-h (ZT16) and 24-h (ZT4) after initiation of the fast, matching times at which pmTOR was either repressed or not altered, respectively. Myocardial protein synthesis rates were significantly decreased after the 12-h fast (Fig. 4D) . In contrast, the 24-h hour fast did not significantly influence myocardial protein synthesis (Fig. 4D) . The autophagy markers LC3II (lipidated form of LC3) and p62 were next investigated. Ad libitum fed mouse hearts exhibited elevated LC3II levels at ZT4 (Fig. 4E) . Fasting maintained LC3II at high levels during the light phase (Fig. 4E) . Interestingly, this autophagy marker decreased somewhat during the dark period despite continued fasting (Fig. 4E) . LC3II levels appeared to increase once again in fasted hearts during the light phase (i.e., ZT0 to ZT4; Fig. 4E) . A time-of-day-dependent oscillation in p62 was also observed in hearts of ad libitum fed mice, being antiphase to oscillations in LC3II (i.e., peaking at ZT16; Fig. 4F ). Fasting initially attenuated the rise of p62 during the dark phase, while prolongation of the fast into the light phase led to a robust elevation of p62 levels (i.e., ZT0 to ZT4; Fig. 4F ). Collectively, these data reveal that fasting induces rapid alterations in myocardial protein synthesis and autophagy markers.
Effects of time-of-day on responsiveness of the heart to fasting
The fasting studies described above have two variables: duration of fasting and time-of-day. To investigate the contribution of time-of-day on responsiveness of the heart to fasting, hearts collected from a previously published study were utilized in which mice underwent a daily 12-h fast either during the dark or light phase [3] . Given the marked responses of p-mTOR Ser2448 and LC3II to fasting, these two parameters were investigated. Light phase (LP) fasted mice exhibited an approximate 2-fold oscillation in cardiac p-mTOR Ser2448 levels, which was absent in dark phase (DP) fasted mice (Fig. 5A) . Hearts isolated from LP fasted mice exhibit an approximate 5-fold oscillation in LC3II levels, peaking at the end of the fasting period (i.e., ZT12; Fig. 5B ). In contrast, the LC3II peak at the end of the 12-h fasting period in DP fasted mice (i.e., ZT0/24) is markedly attenuated (Fig. 5B) . Collectively, these findings suggest that the heart exhibits a greater response to fasting during the light/sleep phase, in terms of p-mTOR attenuation and LC3II augmentation.
Discussion
Numerous studies suggest that restriction of caloric intake to the active period is beneficial for a number of cardiometabolic parameters, including cardiac function. However, little is known regarding the temporal response of the heart to fasting, which hinders mechanistic understanding of sleep phase fasting benefits. In this study we have defined the integrated temporal adaptation of the mouse heart to fasting, with an important focus on time-of-day influences. Consistent with previously published reports, which have shown that fasting induced fatty acid responsive genes in the heart, in association with a decrease in glucose oxidation. However, this adaptation appeared to be time-of-day-dependent, being augmented during the dark/active period. Similarly, fasting-induced attenuation of myocardial protein synthesis appeared to be greatest during the dark/active period. In marked contrast, autophagic markers (e.g., LC3 lipidation) were most responsive to fasting during the light/sleep phase. Collectively, these data reveal that metabolic adaptation of the murine heart to fasting is [7,30,38-40] . Consistent with these prior studies, here we report that fasting induces PPARα target genes in the heart, associated with increased myocardial fatty acid oxidation (and a concomitant repression of glucose oxidation; Fig. 3) . However, although whole body metabolic Fig. 2. Whole body adaptation to fasting in mice. For this fasting study, food was withdrawn at ZT4, and continued for up to 24-h; ad libitum fed mice are indicated by solid lines, 
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Life Sciences 197 (2018) [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] adaptation to fasting appeared to be rapid (e.g., RER decreases within 1-h of food withdrawal, indicative of diminished glucose reliance concomitant with increased fatty acid oxidation; Fig. 2Aiv) , adaptation of myocardial substrate selection occurs at a slower rate. Indeed, no significant effects were observed for PPARα target genes, PDK4 protein levels, or for myocardial glucose and fatty acid oxidation rates (measured ex vivo) 4-h after food withdrawal (Fig. 3) . In contrast, dramatic fluctuations in these parameters were observed 16-h after food withdrawal. Interestingly, continuation of the fast beyond 16-h was associated with a return of multiple mRNA species towards fed state levels (e.g., Pdk4, Ucp3, Mcd, Dgat2). This phenomenon has been reported previously in the rat heart, but not in mice, and may be secondary to diminished responsiveness of PPARα to fatty acids during the light phase [31] . Recent studies indicate that the mass of specific organs may exhibit time-of-day-dependent oscillations. For example, Sinturel et al. reported that liver weight is highest at the dark-to-light phase transition (i.e., ZT0), whereas heart weight (normalized to body weight) did not exhibit a time of day dependent oscillation [28] . In contrast, we recently reported that biventricular weight (normalized to tibia length) tended (p = 0.07) to oscillate over the course of the day, being higher at ZT0 [21] . The current study revealed a similar pattern in biventricular weight, and suggests that these rhythms may be dependent on the feeding-fasting cycle. More specifically, a decrease in the biventricular weight of fasting mice was only observed 16-h after food withdrawal (i.e., ZT20; p < 0.05 by t-test); biventricles from fed and fasted mice had identical weights when fasting was continued to 24-h (i.e., ZT4 on day 2; Fig. 4Ai ). Rhythms in biventricular weight did not seem to be secondary to myocardial glycogen levels, which were either decreased (8-h fast; ZT12), increased (20-h fast; ZT24/0; p < 0.05 by ttest), or not influenced (all other time points) by fasting (relative to fed mice; Fig. 4Aii ). This led us to hypothesize that protein turnover contributes towards rhythms in biventricular weight. Consistent with this concept, we have recently reported increased protein synthesis in the heart at the dark-to-light phase transition (i.e., ZT0) [21] . Investigation of p-mTOR (a kinase that influences both protein synthesis and autophagy [10,18,27]) revealed a slight oscillation in the heart of ad libitum fed mice, peaking at the beginning of the dark phase (consistent with increased circulating insulin levels at this time; Fig. 4B ). As predicted, fasting decreased p-mTOR levels, with a maximal effect at ZT16 (i.e., 12-h fast). Somewhat surprisingly, p-mTOR increased thereafter, returning to normal levels at ZT4, despite continuation of the fast; similar results were observed for pS6 (Fig 4B-C) . Consistent with these observations, fasting-induced attenuation of myocardial protein synthesis was greater after a 12-h fast, relative to a 24-h fast (Fig. 4D) . Given this striking observation, we next investigated whether the time-of-day (as opposed to fasting duration) played an important role in the responsiveness of p-mTOR to food withdrawal. Unlike light phase fasting, a 12-h fast during the dark phase was unable to decrease p-mTOR levels (Fig. 5A) . Similarly, a greater induction of the authophagy marker LC3II was observed during light phase fasting (Fig. 4E) ; fasting during the dark phase had no significant effect on this parameter (Fig. 5B) . Collectively, these studies suggest a greater impact of fasting on protein turnover (i.e., simultaneous synthesis and degradation) in the mouse heart when performed during the light (sleep) phase, with a relative resistance to fasting-induced alterations in these parameters during the dark (awake) phase.
It is important to acknowledge both strengths and shortcomings of the current study. With regards to strengths, this study has revealed temporal adaption of the murine heart to fasting, highlighting that fasting depresses both glucose oxidation and protein synthesis to the greatest extent during the active/dark phase. In contrast, both protein synthesis and autophagy markers are elevated in the heart when fasting occurs during the sleep/light phase. The latter suggests that turnover of protein is augmented by sleep phase fasting, which would promote maintenance of cellular function through replacement of damaged proteins (and potentially other cellular constituents). Another strength of the current study includes its potential utility as a guide for future fasting studies; the results clearly indicate that both the duration and time-of-day of a fast markedly influence various outcomes (e.g., cardiac glycogen and p-mTOR levels), which, in turn, impacts conclusions drawn. Shortcomings of ours studies are as follows. Although we investigated a vast array of potential mediators, it should be noted that no mechanistic links were established. Another limitation relates to assessment of autophagy. We investigated only markers of autophagy, but not autophagic flux. Unfortunately attempts to measure autophagic flux during discrete time periods (i.e., 4 h intervals, through the use of chloroquine) failed, potentially due to low absolute rates of autophagy in the heart. Finally, the possibility exists that increased protein turnover is detrimental during fasting, due to, for example, increasing energetic demand.
In summary, the current study reveals that both time-of-day and duration of a fast markedly influence metabolic adaptation of the heart (illustrated in Fig. 6 ). We speculate that temporal partitioning of the fasting response likely plays an important role in maintenance of contractile function of the heart, as the animal in the wild continues its forage for food. Furthermore, we postulate that one mechanism by which sleep-phase fasting improves cardiac function is through Autophagy FasƟng Protein Synthesis Glucose OxidaƟon LC3 I LC3 II Fig. 6 . Summary of study findings. Data from the current study suggests that fasting increases LC3 lipidation to the greatest extent during the light phase, whereas this intervention has the greatest inhibitor effect on glucose oxidation and protein synthesis during the dark phase. These findings suggest that cellular constituent turnover (i.e., simultaneous high rates of synthesis and degradation) would be observed during light phase fasting.
Life Sciences 197 (2018) [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] facilitation of cellular constituent turnover, as a daily maintenance function. These findings also serve as reference for future studies designed to interrogate discrete metabolic parameters in the mouse heart in response to fasting.
